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Introduction
Chronic liver diseases are generally associated with extra-cellular matrix (ECM) overproduction. Human liver fibrosis is characterized by an accumulation of fibrillar collagen as a result of wound healing processes in response to hepatic injury like chronic alcohol intake or hepatitis B and C [1] [2] [3] [4] . It may evolve to cirrhosis and cancer with high morbidity and mortality rates. However liver fibrosis is reversible, and accurate diagnosis is vital to the management of patients. Noninvasive diagnosis such as blood and urinary tests [5, 6] , magnetic resonance imaging [7] Moreover, isotype I and III fibrillar collagens, the main components involved in liver fibrosis, can be selectively imaged within tissues using second harmonic generation (SHG) microscopy, avoiding staining drawbacks. SHG microscopy has revealed its high potential for imaging and analyzing fibrillar collagen in unstained tissues [22] [23] [24] [25] [26] [27] [28] [29] [30] . SHG microscopy also becomes an interesting approach in the assessment of diseases that induce a modification of collagen content and/or structure in the ECM, in particular fibroproliferative deseases [31] [32] [33] [34] [35] .
We recently used a new collagen scoring method in assessing human liver fibrosis [35] (see also the editorial [36] ). The aim of our scoring method was to propose a simple, robust and rapid method of evaluation of fibrosis extension that could be implemented and used in a straightforward manner in every biomedical laboratory. In order to limit the number of images to be taken to sample the whole biopsy volume, it is necessary to use large field of view and low resolution microscope lenses, ie low NA lenses. For instance, the PSF volume of a 10x-NA0.25 lens is ∼400 times larger than that of a 60x-W-NA1.2 lens, thus the experimental imaging time and memory space required to probe a given tissue volume with the latter lens is typically 400 larger. Such a large amount of information to resolve the ultrastructure of the collagen deposits in fibrotic tissues is usually not relevant from the diagnosis point of view, which requires to sum up the fibrotic collagen amount with a single figure. Moreover, it is well known that in the case of high NA objectives, complicated effects occur, due to phase matching effects (Gouy phase shift, non paraxial rays,... [24, 37] ). Thus, this simple scoring procedure, that we develop in the present paper, is based on using low NA and large field of view lenses, to average SHG signals over many collagen clusters. In fact, we will show in the following that using low-NA lenses permits to compare the scores between different setups.
In addition, our scoring procedure relies on using a reference sample to set the overall gain of the imaging system so as to obtain a given mean SHG intensity on nonfibrotic areas. All the samples with different fibrosis grades were then imaged with this calibrated experimental setup (in particular laser excitation power, PMT gain,...). The corresponing SHG images were binarized by using an intensity threshold t. Practically, the score was obtained by transforming the intensity image to a binary image by replacing each pixel intensity-value I by 1 if I > t or 0 if I < t, and by calculating the mean number of pixels with a value of 1 in the resulting binary image. Thus, the scoreS(t) can be written as
where I i j is the intensity measured at pixel i j, N 2 is the total number of pixels of the image, t is the intensity threshold, and H(x) is the Heaviside function (H(x) = 1 when x > 0 and 0 if x ≤ 0). With our choise of the reference SHG intensity, almost all the SHG images showed saturated areas, typically in regions of high collagen content, whereas nonsaturated regions (I < I sat ) typically corresponded to nonfibrotic regions of human liver. In fact, the images are almost already binarised by the acquisition procedure. This is illustrated in Fig. 1 , for a F1-Metavir graded patient (fibrosis without septa). In Fig. 1(a) , the PMT gain was set to a value g 1 leading to almost no saturation of the imaging system, as exemplified in the intensity histogram of Fig. 1(d) . Note that this histogram is almost structureless, with no intensity peaks, since it is a monotonic decreasing function of the intensity. To mimic saturation, the same image was multiplied by 4.7, and all pixels values above the saturation intensity were set to this value I sat . This image Fig However, in our experience, it is very difficult to find an experimental setup that leads to unsaturated images. As shown in Fig. 1(d) , the absence of intensity peaks in the intensity histogram prevents from obtaining informations on fibrotic or nonfibrotic regions directly from the shape of the intensity histogram. Moreover, we observed that the PMT gain should be varied within a range of 1 to 20 to obtain unsaturated images over all histological sections from non fibrotic to cirrhotic livers. This large extend of gains, and the difficulty to set a PMT gain by trial and errors to obtain a non saturated image is a critical point, because the intensity threshold needed to calculate the score from Eq. (1) should be modified for each experimental setup, as soon as the intensity level changes, to perform the segmentation of fibrotic regions from nonfibrotic regions with the same accuracy. Therefore, the difficulty of finding an intensity reference level, needed to be able to compare different scores, prompted us to develop the new method of scoring described in the beginning of the introduction. Although it represents a loss of information on regions of high collagen content, it is the cost to be paid to be able to set a reference intensity allowing direct comparison between scores. The aim of this article is to give an in-depth analysis of the SHG imaging modalities used to work out our SHG scoring method of collagen in liver fibrosis, and to present new results that adress the influence of resolution and spatial sampling to the robustness of the score. First, we introduce, for the first time, a simple model to rationalize the SHG intensity as a function of the different experimental parameters and collagen content in human liver. Second, this model is validated from experimental measurements using careful characterization of the experimental setup. And third we show that the intensity generated by fibrillar collagen in human liver can be quantified rather precisely, and compared from one objective to another for low NA values.
Experimental methods

Sample preparation
Large surgical biopsies were collected from 12 patients regardless of fibrosis origin. Patients presented chronic liver disease with various degrees of severity related to excessive alcohol intake, hepatitis B or C viruses. Criterion for adequacy of the biopsy specimens was only low steatosis level (< 5%). For the Metavir assessment, tissue samples were fixed in formaldehyde 4%, embedded in paraffin, and sections stained with Sirius red. Liver histological status was assessed by a pathologist using the Fibrosis-Metavir scoring system. Fibrosis was staged on a scale from F0 to F4 : F0 = no Fibrosis, F1 = fibrosis without septa, F2 = few septa, F3 = numerous septa without cirrhosis, and F4 = cirrhosis. The necroinflammatory activity was not considered in this study. For SHG scoring, paraffin embedded acute sections from selected patients were performed and deposed on a glass slide. Due to the scarcity of the biological material obtained from surgical and needle biopsies of human patients, it was not possible to obtain samples of larger thickness than 50 μm. Thus, in order to study the effect of sample thickness and imaging depth, we mainly used 50 μm thick samples, and some 5 μm or 15μm thick samples. Multiphoton imaging by SHG and TPEF was done without dewaxing, staining and coverslide use.
Experimental setup and imaging conditions
Our imaging setup was based on a modified confocal microscope composed of an Olympus IX71 inverted stand and a FluoView 300 scanning head (Olympus, Hamburg, Germany). A femtosecond Ti:sapphire laser (Mira900-Verdi5 combination, Coherent, Saclay, France) was coupled to the microscope and was tuned at a wavelength of 810 nm for all experiments. The quarter waveplate is settled after the last folding mirror of the microscope, just before the entrance pupil of the objective. This configuration avoids significant ellipticity produced by mirror dichroism and birefringence, the polarisation at the exit of this mirror being almost perfectly linear (less than 1% of ellipticity) [26] [27] [28] , and not modified during experiments. Thus, circularly polarized 200-fs pulses at a repetition rate of 76 MHz were sent to two different microscope objectives (Table 1) . The SHG light was collected in the forward direction by a 0.3 NA condenser (IX-ULWCD, Olympus). The illumination wavelength was blocked by a 2-mm thick BG39 filter (Lambda Research Optics, CA). The SHG was detected through a 405-nm (10-nm full width halfmaximum) bandpass filter (Edmund Optics, York, UK) by a PMT module Hamamatsu H7844, with thermoelectric cooler. The PMT assembly was connected to a transimpedance amplifier (C7319, Hamamatsu) so as to match the SHG detection to the internal PMTs of the microscope and to use the full range of FluoView hardware and software. SHG images were acquired with 12-bit intensity resolution and recorded as Tiff files using the microscope software (Fluoview; Olympus). The slowest scanning speed was selected, corresponding to a fixed pixel dwell-time of about 10 μs or a total acquisition time of 2.68 sec per frame for a full-field image in a 512×512 frame. To cover the same field of view as the 4x-lens with the 10x-lens, nine connexe (512×512) images were automatically acquired with an XY-translation stage (Märzhäser, Wetzlar, Germany). A montage of the images was then performed, and truncated to the same region of interest to allow comparison. We carefully measured the PMT gain as a function of the high voltage supply, and obtained g PMT ∼ (V PMT ) α with an exponent α=8, in agreement with the exponent derived from the constructor's data sheet of the PMT. The reproducibility of the gain settings was excellent. Thus, we choose to modify the intensity of the images by adjusting the PMT voltage supply at constant laser excitation power, allowing direct comparisons of SHG intensity values. The z-profile of the objective two-photon Point Spread Function (PSF 2 ) was measured using two-photon excited fluorescence (TPEF) of a thin layer of an aqueous solution of 10 −4 mol/l sulforhodamine B dye (kitonred620, Exciton, Daton, OH, USA). The axial 1/e extend w z of the diffraction-limited PSF 2 was estimated by least-square fitting assuming a Gaussian shape [20] . Important data of the experimental setup are summarized in Tables 1 and 2 . The thickness of the samples was verified from z-stack images acquired with the 10x-NA0.25 objective. The intensity of the z-profile was least-square fitted with the following formula
, which is valid for a uniform layer of thickness e lying between z i and z f = z i + e, and a gaussian PSF 2 profile. A is an intensity and er f the Error Function. w z was fixed to its experimental value. The size of the objective PSF 2 and sample typical profiles are compared on Fig. 2(a),(b) . For the 4x lens, the PSF 2 was carefully settled at the center of the sample.
Although the axial z-sectioning of the 10x-objective is small enough to perform depth studies of the samples (see for instance the z-profiles in Fig. 2(b) ), we will only compare the 4x images to the 10x ones acquired when the objective geometrical focus was at the center of the sample. In fact, z-stack studies of different samples, as for instance the different images shown in Fig.  2(c) , indicate that at the scale of the thickness sample (∼50μm), the collagen structures are almost invariant as a function of depth. This is not astonishing because most of the structures have a radius of gyration much larger than the sample thickness. Image processing and analysis (thresholding and SHG scoring) were performed with homemade routines programmed in Matlab (The MathWorks, Natick, MA).
Experimental results and discussion
In a previous study [35] , we showed that our scoring method was able to assess fibrotic-cirrhotic stage of human liver using a 4x-NA 0.1 objective, in good correlation with Metavir grade. However, different questions concerning the robustness of our method to different experimental parameters may arise. In particular the NA of the objective has dramatic effects on the sampling volume, as schematized by Fig. 2(a) , were the axial extent of the PSF 2 may be much larger or much smaller than the sample thickness. In this section, we show that our SHG scoring method can be rationalized by a simple model of SHG intensity. After proving that this simple model is supported by experiments carried with the two different objectives (table.1), we show that the scores can be indeed compared, despite the differences in the spatial lateral sampling rate or volume.
SHG intensity and collagen concentration
Estimation of the influence of the objective parameters (NA,...) and harmonophore concentration on the real SHG intensity is complicated by the fact that SHG is a coherent process (the word "harmonophore" is generally used to distinguish molecules or supramolecules that provide harmonic generation of light from "fluorophores" that emit fluorescence). Nevertheless, all the liver images show a strong positional and orientational disorder of the collagen clusters. Moreover, the low-NA objectives have PSF 2 axial size much larger than typical wavelengths (w z λ , see Table. 1). Therefore, we expect the intensity to be the incoherent summation of coherent signals produced by very small clusters of collagen. For m N clusters of N harmonophores that scatter coherently, the intensity is proportional to m N N 2 . The number of clusters m N is proportional to the PSF 2 volume m N ∝ Ω. For a distribution of clusters scattering incoherently, the resulting intensity is a weighted sum of such contributions. With such an hypothesis, the overall intensity is still proportional to Ω, and is expected to behave like the T PEF intensity as a function of NA. We will verify a posteriori this hypothesis from experimental results. The SHG intensity can be written as
where g PMT is the PMT gain, T is the overall transmission of the optical setup,C an effective cluster concentration, P(r) = exp(−(x 2 + y 2 )/w 2 xy ) exp(−z 2 /w 2 z ) is the PSF 2 assuming a gaussian approximation which was shown to be valid for two-photon excitation [20] , and I o the intensity at the focal plane.
In the paraxial approximation, w xy ∼ NA −1 and w z ∼ NA −2 . Assuming in a first step that the sample thickness is much larger than the PSF 2 axial extend, the PSF 2 volume is Ω ∼ w 2 xy w z ∼ NA −4 , and the intensity I o ∼ NA 2 . Therefore, I SHG ∼ NA −4 (NA 2 ) 2 is independent of the NA. This is valid for the 10x objective, but for the 4x objective, the sample thickness e is smaller than the PSF 2 axial extend (e < w z ), and only part of the PSF 2 is used. The effective volume f Ω probed by the PSF 2 is then
with f = er f (
) a geometrical factor. Note that er f (x)→ 1 when x→ ∞, that is when e w z . Therefore, for each objective, the intensity can be written as
Under such approximations, the SHG intensity depends on NA only through the geometrical factor f , and is proportional to an effective cluster concentration. By using a reference sample (that is a non fibrotic sample with Metavir grade F0), it is then possible to set the PMT gain by adjusting the supply voltage to obtain an average intensity < I SHG > over a given ROI that is a fixed percentage r of the full intensity range corresponding to the saturation intensity I sat (which is 4095 for our 12-bit system). We will call r the reference intensity. Thus, < I SHG >= r I sat = g re f T 2 fC re f , and the intensity for other collagen concentrations, at the same PMT gain g re f , is expected to follow
The normalized intensity is proportional to both the effective collagen concentrationC and the reference value r.
It is important to note that this model assumes that the PSF 2 size is large enough to average the signal over many collagen clusters. It is thus expected to be valid only for low NA lenses. The question of how low the NA should be is difficult to answer, but we remark that the volume of the PSF 2 of a NA=0.25 lens is about ≈ 60μm 3 . Since this volume ∼ NA −4 , it is divided by ≈ 2 when NA=0.3 and by ≈ 6.6 when NA=0.4. In order to keep a large sampling volume, we do not expect our model to be valid for NA ≥ 0.3−0.35. In the following, we verify experimentally the hypothesis underlying the simple model presented in this section, and compare the collagen scores obtained with the two objectives. 
Using nonfibrotic ECM regions to set the reference intensity
We remarked that the SHG signal arising from the basal contribution of the ECM fibrillar collagen present in liver is almost always the same [35] , for regions outside portal areas, whatever the Metavir grade. In this section, we show that these nonfibrotic regions can be used as internal reference to calibrate the experimental setup. Typical nonfibrotic ECM ROIs of a F4 sample are shown in Fig. 3(a) . The PMT reference gain was set from a non-fibrotic sample (F0-Metavir grade) to obtain an average SHG signal of r =4% of the full intensity range (that is 164). Then, using the same reference PMT gain, images of samples from patients with different Metavir grades F1-F4 were acquired. Six ROIs of 80×80 pixels were selected on each image, and the mean intensity was calculated. The dispersion of these mean intensities are summarized in a boxplot on Fig. 3(b) . The mean or median of the intensities, for the two objectives, are always very close to the expected value r. It is a strong indication that nonfibrotic ECM ROIs have an almost uniform collagen content. Although it clearly shows that such ECM regions can be used to set a reference PMT gain, we would however recommand in practice to set the reference intensity by using a F0 sample. In the following, our SHG microscope setup will be always calibrated on the same F0 sample.
Comparing 4x and 10x intensities using ECM references
It is now possible to check the validity of Eqs. (4) and (5) . Using regions of interests containing only normal ECM fibrillar collagen, the PMT supply voltage was adjusted to obtain an average intensity of 2,3,4,and 5% of the full intensity range. Larger values ≥6% introduce too much saturation, and were considered as unreliable. The gain is calculated from g PMT = (V PMT /1000) 8 . Typical images are shown on Fig. 4(a) and (b) .
Assuming that Eq. (5) is valid, and that the effective concentration of the ECM collagen C re f does not depend on the experiment as indicated by Fig. 3(b) , we expect that the PMT gain should be a linear function of r. This is verified, as indicated by Fig. 4(c) , where both gains g 4x and g 10x PMT vary linearly with r (linear correlation with R 2 > 0.998). More generally, for each r value, the intensity histograms from the 4x and 10x objectives were almost comparable. This is an indication that on such non fibrotic ECM regions, the collagen is distributed uniformly at the two different scales probed by the objectives.
Moreover, using Eq. (4), the PMT gains measured with the two objectives should follow the relationship
From Tables. 1 and 2, the geometrical factor of the 4x objective is f 4x ≈ 0.41, and we found that T 4x T 10x 2 ≈ 4.33, thus our model predicts g 10x PMT ≈ 1.8 g 4x PMT . As indicated by Fig. 4(d) , the correlation between the two gains is linear (R 2 ≈ 0.992), with a slope ≈ 1.95, which value is slightly higher than the predicted value. Many reasons may explain the discrepancy : (i) the concentration of collagen may be slightly different from one region to another because the 4x and 10x do not probe the same volume; (ii) the collection of the SHG signal may differ from one objective to another due to the difference in NA values; (iii) the geometric correction assuming a gaussian profile is only an approximation;(iv) the real PMT gain may have an error due to the strong voltage dependence;(v) coherence effects, that were neglected by our model, may introduce a dependence on NA. Despite the small discrepancy between the expected value derived from the model and the experiment, the data are well linearly correlated, supporting the assumptions used to derive our model.
With the same methodology, we checked the influence of the geometric factor f appearing in Eq. (3), using three histological serial sections of thicknesses 5, 15 and 50μm respectively, obtained from surgical biopsies of patients with two metavir grades F3 and F4. An example of SHG images of such surgical biopsies is shown in Fig. 5(a-c) for the F4 grade patient. Again, for each sample, the gain of the PMT was adjusted on normal ECM to obtain an average intensity of r=4%. As expected from Eq. (4), g PMT should be proportional to 1/ f , g PMT ∝ 1/ f . As indicated by Fig. 5(d) , this is verified for both metavir grades F3 and F4, since the PMT gains show a good linear correlation with the geometric factor 1/ f (R 2 =0.997 and 0.9944 respectively). These results demonstrate the pertinence of Eq. (4) to account for the SHG intensity from human liver. 
Comparison of 4x and 10x scoring, and discussion
In the previous sections, we showed that our model of SHG intensity, summarized by Eq. (4) and 5, well describes our experimental findings in human liver biopsies. The last step is thus to compare the values of the scores, as defined by Eq. (1), of the same ROIs, with different reference intensities and objective lenses.
In evaluating the scoreS(t r ), we select intensities such that I > t r where t r is a given threshold, which may be optimized for a given reference intensity r. Then, from Eq. (5), we expect that if the reference intensity is changed to a different value r , then the new scoreS(t r ) obtained with the new threshold t r = t r r /r should be identical toS(t r ). Clearly, a direct consequence of Eq. (5) is that the score as defined by Eq. (1) is only a function of t r /r.
To verify this relationship, SHG images of the large surgical biopsies at our disposal were acquired with the two objectives, with intensity references set to r =2,3, 4 and 5%. For the 10x lens, we choose the images of the stack that correspond to the center of the sample, and reconstruct an image that covers the same sample area as the one obtained from the 4x lens. Typical images for two different Metavir grades F1 and F4 are presented in Fig. 6(a),(b) . Although the spatial sampling is different (1300 2 and 512 2 pixels for the 10x and 4x images respectively), the images appear quite similar. This indicates that collagen aggregates are rather homogeneous at the scale of the sample thickness (∼50μm), which should be expected because the lateral size of such collagen structures is typically of a few hundreds of microns. Therefore, it is not astonishing that the projected area of collagen aggregates obtained from scoring with 4x or 10x objectives are so similar.
After reconstruction, the scores were calculated with threshold t r = 4 t 4 /r, where t 4 = 1024 is the threshold used for r = 4%. It was shown in [35] that this threshold value give a good correlation between our scoring and the Metavir assessment.
The correlation between the scores was quantified by both the Pearson's correlation coefficient 2 and the Lin's concordance correlation coefficient ρ L [38, 39] . Roughly, the Pearson's R measures how two quantities are linearly correlated (Y=aX+b+ε where ε is a noise), that is the more linearly correlated are the data, the closest to one is |R|, whatever the values of the slope a and intercept b. On the other hand, the Lin's concordance correlation coefficient measures the vertical departure from the bisector, therefore ρ L tests whether Y=X+ε, which is a linear correlation with slope 1 and zero intercept. Therefore, ρ L should be more appropriate to quantify whether two scores are equal. It can be shown that ρ L ≤ R, which can be understood by the fact that the general linear correlation leaves more flexibility to correlate the data than the more stringent condition that the data should align along the bisector.
On Figs. 7(a) and (b) are presented the correlations, for a given objective lens, between the score obtained when r = 4% and those obtained at different r values. The experimental We also compared the scores obtained for a given r with the two objectives, and using an identical area as indicated before, in Fig. 7(c) . Again, the scores obtained from the 4x and 10x objectives align on the bisector for all reference values r, with good concordance correlation coefficients (see Table. 3 for the values of R and ρ L ). This figure shows that the scores are almost identical for the two objectives, despite the difference in NA, and thus in axial and lateral resolutions, as well as in lateral spatial sampling rate (512 or 1300 pixels for the same scale).
Conclusion
In this article, we presented an in-depth study of a scoring method that we developed to quantify collagen in human liver fibrosis, based on SHG microscopy. This scoring method is based on the acquisition of SHG images with a given setup calibrated from a reference sample, and by counting the mean number of pixels above a given threshold. Once set on a given sample, the imaging settings are kept for all further acquisitions. Although developed for SHG imaging, the scoring method described in this article may also be applied, to some extend, to TwoPhoton-Excitation-Fluorescence (TPEF) imaging. In fact, the SHG model presented below is incoherent, and applies directly to TPEF imaging. On the one hand, since our scoring method uses saturated images, it rules out the quantification of fluorophores concentrations. But on the other hand, it may give a method to measure the surface of the image occupied by fluorophores which intensity is above a given threshold, on the condition that a reference intensity can be used to set the gains of the experimental setup.
One of the originality of our scoring method comes from the fact that the choise of the reference intensity leads to the acquisition of SHG images with large regions of saturated values, while keeping the nonfibrotic ECM regions within the intensity range of the imaging system. Combined with a scoring based on thresholding the images, this method gives high reproducibility since the threshold is fixed as soon as an imaging setup is chosen. This is in contrast to conventional automatized scoring programs or SHG scoring [34] , that need to adapt the segmentation threshold to each image, depending on staining process, illumination, camera properties, leading to uncertainties in the definition of fibrotic and nonfibrotic regions.
We showed that an internal reference can be obtained by using the nonfibrotic ECM areas of any sample. By carefully characterizing the experimental setup, and using two different objective lenses, we validated experimentally a simple model of the measured SHG intensity. Although simple, this model accounts well for the different behaviors of the observed SHG intensity in human liver, at least in the limit of low NA. Thus, the effect of different sampling volume (NA), sample thickness and reference intensity on the SHG intensity was explained and quantified. We were thus able to show that our scoring method is robust to differences in NA and spatial sampling, with a very high concordance of the score values between our 4x-NA 0.1 and 10x-NA 0.25 objectives.
SHG scoring methods presents multiple advantages in comparison to the histologic numerical systems. In particular, it does not require dewaxing or specific staining steps, and SHG imaging displays a high SHG signal-to-background ratio making a specific detection of fibrillar collagen very easy. To sum up, the main advantages of our scoring method which relies on using low-NA and large field of view lenses, as compared to the methods presented in come from (i) the simplicity and speed of acquisition and treatment (typically less than 10 images permit to score a complete histological slice. No image processing, except binarisation of the raw image data, is needed.) ; (ii) Robustness of the collagen scoring to changes in the objective features, spatial sampling, sample thickness, detection settings. (iii) Reliability and Portability : our scoring method uses a reference (collagen from non fibrotic liver extracellular matrix) to calibrate the setup. This study shows that our SHG collagen scoring method can be highly standardized, and provides a unique score independently of operators, or experimental conditions. Moreover, we proposed a simple model which could be used to compare results obtained from different experimental setups. Therefore, we expect that SHG scoring will give the opportunity to quantify fibrosis regression in response to an antifibrotic treatment for validating experimental protocols especially for cirrhotic patients. Although only validated for human liver fibrosis, we sense that our scoring method can also be applied to other fibrosis in lung, kidney... The simplicity of our scoring method also makes it a good candidate to be implemented with nonlinear endomicroscopes [40] .
